We report a neutron-scattering investigation on the structure and dynamics of a single-component nanocomposite based on SiO 2 particles that were grafted with polyisoprene chains at the entanglement limit. By skillful labeling, we access both the monomer density in the corona as well as the conformation of the grafted chains. While the corona profile follows a r −1 power law, the conformation of a grafted chain is identical to that of a chain in a reference melt, implying a high mutual penetration of the coronas from different particles. The brush crowding leads to topological confinement of the chain dynamics: (i) At local scales, the segmental dynamics is unchanged compared to the reference melt, while (ii) at the scale of the chain, the dynamics appears to be slowed down; (iii) by performing a mode analysis in terms of end-fixed Rouse chains, the slower dynamics is tracked to topological confinement within the cone spanned by the adjacent grafts; (iv) by adding 50% matrix chains, the topological confinement sensed by the grafted chain is lifted partially and the apparent chain motion is accelerated. We observe a crossover from pure Rouse motion at short times to topological confined motion beyond the time when the segmental mean squared displacement has reached the distance to the next graft. DOI: 10.1103/PhysRevLett.119.047801 Recently, polymer hybrids such as the novel onecomponent nanocomposites (OCNCs) have drawn much attention both in basic as well as in application-oriented research [1, 2] . OCNCs consist of nanoparticles that are grafted with polymer chains without any matrix chains. Progress in chemistry facilitates the precise creation of materials with well-defined grafting density, chain length, and functionalization [3] . These OCNCs exhibit novel morphologies, dielectric, and mechanical properties, overcome the dispersion challenge, and are expected to display structure-related emergent properties that distinguish them from the more established field of nanocomposites [1] . OCNCs have been proposed for energy storage in supercapacitors [4], for precise manufacturing of tunable hypersonic photonic crystals [5], as particle-brush building blocks for self-healing materials [6], etc. In biomedicine, envisaged applications are, e.g., polypeptide-based hybrids for drug carriers or building blocks for tissue engineering [7] . The mechanical properties depend strongly on the grafted chain length; long chains in OCNCs dramatically increase the toughness and flexibility of particle solids [8] as well as the fracture resistance [8] . The increased toughness enables the fabrication of ordered films and bulk structures [9] with a high potential for the creation of functional materials. Substrate-induced ordering leads to OCNC films that display anisotropic elasticity [10] , opening the opportunity to fabricate mechanically strongly anisotropic materials.
Recently, polymer hybrids such as the novel onecomponent nanocomposites (OCNCs) have drawn much attention both in basic as well as in application-oriented research [1, 2] . OCNCs consist of nanoparticles that are grafted with polymer chains without any matrix chains. Progress in chemistry facilitates the precise creation of materials with well-defined grafting density, chain length, and functionalization [3] . These OCNCs exhibit novel morphologies, dielectric, and mechanical properties, overcome the dispersion challenge, and are expected to display structure-related emergent properties that distinguish them from the more established field of nanocomposites [1] . OCNCs have been proposed for energy storage in supercapacitors [4] , for precise manufacturing of tunable hypersonic photonic crystals [5] , as particle-brush building blocks for self-healing materials [6] , etc. In biomedicine, envisaged applications are, e.g., polypeptide-based hybrids for drug carriers or building blocks for tissue engineering [7] . The mechanical properties depend strongly on the grafted chain length; long chains in OCNCs dramatically increase the toughness and flexibility of particle solids [8] as well as the fracture resistance [8] . The increased toughness enables the fabrication of ordered films and bulk structures [9] with a high potential for the creation of functional materials. Substrate-induced ordering leads to OCNC films that display anisotropic elasticity [10] , opening the opportunity to fabricate mechanically strongly anisotropic materials.
Even though OCNCs promise a plethora of novel applications, the understanding of their properties is still in its infancy. Describing the polymer conformation in terms of a mean field model, Kumar predicted a stretched inner concentrated polymer brush with the brush height h ∝ N 4=5 and a relaxed outer semidilute polymer brush with h ∝ N 3=5 (N the number of segments) [11] , while for low grafting density κ < 1=R 2 g (R g the radius of gyration), mushroomlike conformations with h ¼ 2R g are prevailing.
For spherical brushes, corrections were given by Milner, Witten, and Cates [12] and Wijmans and Zhulina [13] . Experiments are available in solution only, from which conclusions on the scaling behavior of the hydrodynamic radius were drawn [11] . The rheology and flow behavior are largely unexplored [2] , and nothing is known about the dynamics on the chain level.
We present a neutron-scattering study on the structure and dynamics of an OCNC based on SiO 2 particles grafted with polyisoprene (PI) chains at the entanglement limit. [14] . The polyisoprene (PI) polymers were synthesized by anionic polymerization with three different hydrogen or deuterium labeling and grafted to the particle surface; see Table I . The SiO 2 particles were first functionalized with ðCH 3 Þ 2 SiCl 2 as a linker. Then living chains were added such that the h=d mixture (sample 1) or the decoration with the random copolymer (sample 2) was contrast matching the nanoparticle. Nonlinked chains were removed by fractionation, such that the remaining free chains amounted to less than 1%. The details of the functionalization procedure and particle properties are given in Ref. [15] and Supplemental Material [16] . Characterization was performed by elementary analysis with the result of an average number of chains per particle hfi ¼ 364 or 375 leading to a grafting density of κ ¼ 0.59 nm −2 . We remark that at the matching condition about 10% of the protons are associated with the surface and are immobile.
The small-angle neutron-scattering (SANS) measurements-carried out at KWS1 at the MLZ in Garching, Germany [17] -aimed for the chain conformation of the grafted chains as well as for the form factor of the grafted particle. The form factor was obtained from sample 2 immersed in a protonated matrix at volume fractions: 0.01, 0.05, 0.15, 0.3, and 0.5. Background from h-PI and a random copolymer was measured separately and subtracted; at a sample transmission of 0.45, the necessary self-shielding correction was performed. The data were analyzed in terms of a core-shell particle based on results for a SiO 2 core including the fuzzy surface. The shell was modeled by a power law profile r −β (resulting in β ¼ 1) that was combined with a Fermi cutoff function leading to a shell thickness of t ¼ 6 nm. Based on the condition of equal free energy per chain for all particles, surface curvature effects on the grafting density were included. The minimum free energy condition leads to a distribution of grafted chains depending on the particle size with a significantly higher grafting density for small particles; e.g., κ ¼ 1 nm −2 for 3.6 nm radius; however, these small particles carry little weight in scattering, where 80% result from particles larger than R ¼ 7.2 nm. There the grafting density κ ≤ 0.63 nm −2 is close to average. The form factor and the achieved fit are shown as an inset in Fig. 1 . More details of the form factor model are given in Supplemental Material [16] . The grafted chain conformation was obtained from sample 1 immersed in the random copolymer matrix; see the Kratky plot in Fig. 1 . In all cases for the grafted chains as well as for the reference melt, perfect Debye form factors are observed displaying Q −2 power law asymptotes; for all situations, the radii of gyration R g ¼ 2.17 nm are identical; the end to end distance R e ¼ 5.3 nm and the shell thickness t ¼ 6 nm are in good agreement. Obviously, the different chains strongly interpenetrate, no stretching is visible (Q −2 behavior), and chain collapse does not occur. The results are well explained in terms of a semidilute brush regime [11] , where the brush height h∝
is predicted in good agreement with our evaluation; in addition, the self-consistent field theory by Dan and Tirell [18] showed that the grafted chain ends are uniformly distributed in the brush, corroborating the observed Debye behavior.
The segmental dynamics of the grafted chains was studied on sample 2 using neutron backscattering at the instruments BASIS at the SNS in Oak Ridge [19] and SPHERES at MLZ in Garching [20] . Figure 2 compares spectra taken from a reference random polymer melt at Q ¼ 6 nm −1 at T ¼ 348 K with the grafted random copolymer chains at the same Q and T. The reference melt data were fitted with stretched exponentials. The solid line in Fig. 2 projects the pure melt result to the spectrum from the grafted chains. Aside from a small elastic peak contribution (red line) resulting from surface protons and some silica background and from a few segments near the grafting sites on the surface, the reference melt dynamics perfectly describes the local dynamics of the grafted chains. The resolution function used to model the spectra was taken from the data at 40 K, where all dynamic processes are frozen. Obviously, there is no effect of the grafting on the local segmental motion. The dynamics at the chain level (sample 1) was accessed with the neutron spin echo (NSE) instrument at MLZ [21] . Figure 3 displays NSE data from the reference melt together with the results from sample 1 in one plot; evidently, the chain dynamics of the grafted chains is severely slowed down, even though the segmental motion is identical. The dynamics of unentangled chains in the melt to a good approximation can be described in terms of the Rouse model [22] that treats the dynamics of a Gaussian chain in a heat bath. Then only entropic forces originating from the conformational chain entropy drive the dynamics. The model is solved by modes p along the chain with mode relaxation times τ p ¼ R 0 at its value for the reference melt. With p 0 ¼ 6 AE 2; σ ¼ 14 AE 7, this approach fits the data very well ( Fig. 3 ; dotted lines) with mode amplitudes slowly rising from 0.4 at p ¼ 1=2 to 0.47 at p ¼ 9=2. We note that the large errors for p 0 and σ result from the fact that modes beyond p ¼ 4 do not contribute significantly within the experimental Q window. Thus, grafting does not decelerate the segmental mobility by increasing the friction, but the topological chain-chain interactions create confinement: The amplitude of motion in different modes is strongly reduced.
In order to further investigate the confinement effects caused by crowding, we also studied a NC, where 50% NP grafted with a mixture of h=d PI was immersed in a melt of random copolymers, such that the particle as a whole was matched. Figure 4 displays the result: Compared to the OCNC (100% grafted particles, dotted lines), the dynamics is significantly enhanced but still is slower than the prediction of the end-fixed Rouse model (dashed lines). Note, however, that at short times SðQ; tÞ=SðQÞ seems to follow the (theoretical) unrestricted Rouse model of an end-fixed chain, while at long times it appears to change over to the restricted dynamics of the OCNC. Thus, the data display a timedependent crossover between the two limiting behaviors that may be well empirically described by a logarithmic Fermi function fðtÞ ¼ 1=fexp½ðlog t − log t 0 Þ=w þ 1g. The corresponding scattering function becomes SðQ; tÞ ¼ fðtÞSðQ; tÞ endfixed þ ½1 − fðtÞSðQ; tÞ grafted : ð2Þ A fit to the data gives excellent results revealing t 0 ¼ 22.4 ns and w ¼ 1.2 (solid lines in Fig. 4) , implying a very broad crossover stretching over the full NSE time range.
How can we rationalize our results? In the literature on NC, a slowing down of the dynamics was attributed to (i) a glassy layer at the surface [24] , (ii) slowing down because of a direct interaction with the surface [25] , and (iii) an increasing of friction due to crowdedness at the particle surface [26, 27] . None of these interpretations is compatible with the local dynamics results that show an unchanged local motion. Furthermore, Brownian dynamics simulations show that the difference between an end-fixed Rouse model and a model with a true reflecting wall are marginal [28] . As an explanation remains topological hindrance or crowding effects originating from the neighboring grafted chains. The surrounding end-connected chains cannot diffuse away, in order to make room for relaxation, and lead to topological hindrance. This may be nicely seen in comparing the chain relaxation within the corona of NP immersed in a matrix with that of the OCNC. At the crossover time t 0 ¼ 22.4 ns, the mean squared displacement of the matrix chains amounts to hr
1 nm originating from the internal chain modes. This may be compared with the distance between neighboring chains in a cone starting from the surface. For a representative 10 nm particle, the average distance between grafts is d ¼ ffiffiffiffiffiffi ffi
nm, leading to a maximum distance at the outer rim of the shell (t ¼ 6 nm) of d max ¼ 2.3 nm corresponding very well to the motional distance at the crossover time. At longer times, the constraints from the other grafted chains become important, leading to a delay of interactions compared to the OCNC material: The interaction with other grafted chains is important for the topological effect, while the matrix chains may diffuse away and do not give rise to topological interactions. For the OCNC material, the chains are fully subject to constraints either by neighboring chains or by the interpenetrating chains from other grafted particles that all cannot diffuse away; employing the mode amplitude reduction factors A p in Eq. (1), we may calculate the asymptotic motional range (t → ∞) for a grafted chain as a function of the distance from the grafting point. The inset in Fig. 4 shows the result: The permitted fluctuation range of a grafted chain is confined by the cone, set by the nextnearest-neighbor grafted chains; only at the rim of the corona do the chain fluctuations very slightly exceed this limitation.
Thus, the dynamics of OCNC materials depends on topological features rather than on any changes on the segmental scale. For OCNCs, particle size and grafting density, determining the cone, are an important source for chain confinement. We have established this phenomenon on unentangled Rouse chains. Longer grafted chains that carry entanglements would be the subject of a combination of the cone effect and the chain-chain entanglements; for long chains to first order, one might add these effects as 1=ðd 2 tot Þ ¼ 1=ðd 2 cone Þ þ 1=ðd 2 chain Þ, with very significant ramifications on properties like toughness, fracture strength, etc., that were observed macroscopically [8, 29] . Also, rheological properties are substantially enhanced.
